During late embryonic and early postnatal life, neuromuscular junctions undergo synapse elimination that is modulated by patterns of motor neuron activity. Here, we test the hypothesis that reduced spinal neuron gap junctional coupling decreases temporally correlated motor neuron activity that, in turn, modulates neuromuscular synapse elimination, by using mutant mice lacking connexin 40 (Cx40), a developmentally regulated gap junction protein expressed in motor and other spinal neurons. In Cx40 ؊/؊ mice, electrical coupling among lumbar motor neurons, measured by whole-cell recordings, was reduced, and single motor unit recordings in awake, behaving neonates showed that temporally correlated motor neuron activity was also reduced. Immunostaining and intracellular recording showed that the neuromuscular synapse elimination was accelerated in muscles from Cx40 ؊/؊ mice compared with WT littermates. Our work shows that gap junctional coupling modulates neuronal activity patterns that, in turn, mediate synaptic competition, a process that shapes synaptic circuitry in the developing brain.
D
uring naturally occurring synapse elimination, widespread throughout the nervous system during embryonic and postnatal development, the synapses of one axon compete with the synapses of other axons for innervation of the same target cell. One or a small number of axons will maintain their synapses into adult life, whereas other axons are permanently deleted from neural circuitry. The outcome of competition is influenced by patterns of neural activity. Many studies have suggested that inputs that fire coordinately with postsynaptic cells are strengthened and structurally reinforced, whereas inputs that fire asynchronously with the discharge of postsynaptic cells are generally weakened and eliminated (1) (2) (3) (4) (5) . At many synapses, activity exerts these effects throughout life and is one mechanism by which experience continually modifies neural circuits, e.g., during learning and memory formation (6) .
The role of activity in synapse elimination has been extensively studied at neuromuscular junctions between motor neurons and skeletal muscle fibers, at which initial innervation by several different motor axons is followed by synapse elimination culminating in innervation by a single motor axon (7) (8) (9) (10) (11) . Reducing overall motor neuron activity delays synapse elimination (8) (9) (10) , whereas increasing motor neuron activity accelerates it (12, 13) . Other studies have suggested that the amount of activity is less important than the relative pattern of activity among competing inputs. When inputs to newly formed, ectopic synapses in adult rat muscle were synchronously stimulated distal to blockade of endogenous activity with tetrodotoxin (TTX), multiple innervation was maintained for longer than in controls (14) , suggesting that synchronous activity within neuromuscular junctions slows competition, although a small amount of desynchronized activity within a junction is sufficient to trigger competition and synapse elimination (14) (15) (16) .
Despite the experimental insights suggesting that activity is important in determining the outcome of competition, until recently, little information existed about naturally occurring motor neuron firing patterns during perinatal life, how these patterns change over time, and how these changes affect competition and the emergence of single innervation. By using recordings of single motor-unit activity in awake, behaving rodents, we showed in mice (17) , and Buffelli et al. (18) showed in rats, that patterns of motor-unit activity change from relatively temporally correlated to progressively less correlated over the first few days after birth as synapse elimination progresses. We published molecular and cellular analyses of motor neuron connexin (Cx) expression in neonatal and adult rodents (19) , which showed that lumbar spinal motor neurons express at least five Cxs. Expression of Cx36, Cx37, and Cx43 was robust in motor and other spinal neurons, and, although expression of these Cxs generally decreased in the spinal cord over development, the expression of these Cxs in motor neurons did not change from late embryonic through adult life (19) . The expression of Cx40 and Cx45 in motor neurons decreased from embryonic to adult life, with Cx40 decreasing sharply during the first postnatal week, and Cx45 decreasing slowly, primarily after postnatal day (P)14. Thus, it seemed to us that Cx40 was a reasonable candidate to modulate the reduction of temporal correlations in motor neuron firing after birth that we observed in our earlier work (17) . Treating neonatal mice with pharmacological agents that block gap junctions abolished temporal correlations in motor-unit activity, without altering the overall pattern of motorunit activity or firing frequency (17) . These experiments suggest that gap junctional coupling may, at least in part, underlie the temporal correlations in motor neuron activity observed around the time of birth. Moreover, the loss of gap junctional coupling may underlie the reduction of correlated motor-unit activity at later times, and this may, in turn, modulate synaptic competition.
In this study, we tested the hypothesis that reduced spinal neuron gap junctional coupling decreases temporally correlated motor neuron activity that, in turn, modulates neuromuscular synapse elimination, by using mice lacking a gap junction protein, Cx40, that is expressed in motor neurons. Our results suggest that, in the absence of Cx40, gap junctional coupling and correlated motor neuron activity are reduced and that this, in turn, accelerates the time course of developmental synaptic competition at neuromus-cular synapses. Developmentally regulated gap junctional coupling modulates neuronal activity patterns that mediate synaptic competition, a process that shapes synaptic circuitry in the nervous system.
Results

Cx40
Expression Is Developmentally Regulated in Neonatal Mice. We previously reported that rat motor neurons express five Cxs, Cx36, Cx37, Cx40, Cx43, and Cx45, and that one of these, Cx40, was developmentally regulated at the level of mRNA and protein during embryonic and postnatal development. Because loss-of-function studies are difficult in rat, and because mutant mice lacking Cx40 have been generated (20, 21) , we wished to study motor neuron activity patterns and neuromuscular innervation in these animals. By using in situ hybridization with a Cx40-specific cRNA probe (19), we found that, as in rat, the number of mouse lumbar motor and interneurons expressing Cx40 decreased from P0 to P14. At P0, Cx40 mRNA was expressed throughout the dorsal and ventral horn as well as the ependymal cells surrounding the central canal. Many, if not all, motor and interneurons in the ventral spinal cord expressed Cx40 mRNA at this time (Fig. 1) . By P7, Cx40 expression in the dorsal and ventral horn was sharply down-regulated. At P14, only low levels of Cx40 expression was observed in the dorsal horn and ependymal cells. No expression was detectable in ventral spinal cord cells. Thus, in mouse as in rat, Cx40 expression in motor neurons and interneurons is sharply down regulated after birth. The extent and strength of gap junctionally mediated electrical coupling among motor neurons was examined in WT and Cx40 Ϫ/Ϫ mice by using whole-cell recording. The number and amplitude of short latency depolarizations (SLDs) evoked by ventral root stimulus intensities below the threshold for triggering an antidromic action potential in the recorded cell was determined ( Fig. 2 A and  B) . Several tests were performed to confirm the electrical nature of SLDs (22) [see supporting information (SI) Methods and SI Fig. 7 ]. The number of SLDs is indicative of the number of motor neurons electrically coupled to the recorded cell (23, 24) , whereas SLD amplitude is indicative of the strength of electrical coupling.
Motor neurons from Cx40 Ϫ/Ϫ mice had significantly fewer SLD components compared with WT littermates ( Fig. 2C ; Cx40 Ϫ/Ϫ 2.6 Ϯ 0.4; WT 6.2 Ϯ 0.5; P Ͻ 0.001, Student's t test). To verify that each SLD was a distinct event, the amplitude of three SLD stimulus trials was measured within a 1-1.2 ms time window around the peak ( Fig. 2D; vertical dashed lines) . The amplitude of the averaged SLD components were statistically different (P Ͻ 0.05, all pair-wise multiple comparisons by using Tukey's post hoc test), suggesting that each SLD represented a distinct event. No difference was observed in the latency of antidromically evoked action potentials (WT 1.50 Ϯ 0.23 ms; Cx40 Ϫ/Ϫ 1.60 Ϯ 0.32 ms) or in the latency of the first evoked SLD (WT 2.03 Ϯ 0.32 ms; Cx40 Ϫ/Ϫ 1.93 Ϯ 0.19 ms) in motor neurons from WT and Cx40 Ϫ/Ϫ mice. Stimulation of the adjacent rostral or caudal ventral roots did not result in SLDs in the recorded cell either in WT or Cx40 Ϫ/Ϫ mice, suggesting that electrical coupling was primarily among motor neurons whose axons exited the same ventral root and whose cell bodies and dendrites were located close to one another. The possibility exists that motor neurons from different segments may be electrically coupled, for example, if they are located near segment boundaries.
Because high-threshold SLDs can be masked by the antidromic action potential, the extent of motor neuron electrical coupling may have been underestimated. To overcome this limitation, a collision test was used to prevent invasion of the antidromically evoked action potential (WT, four motor neurons; Cx40 Ϫ/Ϫ , five motor neurons). For this purpose, an action potential was evoked in the recorded cell by using a 5-ms current pulse, followed 1-3 ms later by the antidromic stimulus to the ventral root (data not shown). Under these conditions, the antidromically evoked SLDs occurred on the falling phase of the intracellularly stimulated action potential. No additional SLDs were detected by this test, suggesting that the extent of motor neuron electrical coupling was not underestimated.
The amplitude of the individual SLDs was determined by subtracting the components evoked at lower stimulus intensities. The mean amplitude of the individual SLDs was somewhat higher in motor neurons from Cx40 Ϫ/Ϫ compared with WT mice (WT 0.41 Ϯ 0.02 mV; Cx40 Ϫ/Ϫ 0.65 Ϯ 0.05 mV; P Ͻ 0.001, Student's t test). This difference may be due to the slightly higher R in of Cx40 Ϫ/Ϫ motor neurons, or it may reflect a compensatory increase in the amount of electrical coupling that persists in Cx40 Ϫ/Ϫ mice.
Temporally Correlated Motor Neuron Activity Is Reduced in Cx40 ؊/؊
Mice. To evaluate the pattern and amount of motor neuron activity in Cx40 Ϫ/Ϫ mice, the firing of single motor units in the soleus muscles of awake, restrained and standing P3-P5 mice was recorded and analyzed (17) (see SI Methods). On average, motor unit records contained 299 Ϯ 95 spikes per recording in WT mice (n ϭ 3 mice), and 290 Ϯ 82 spikes per recording in Cx40 Ϫ/Ϫ mice (n ϭ 4 mice).
Cross-correlation analyses were performed to compare the relative activity of pairs of discriminated single motor units. Crosscorrelograms were constructed over periods of Ϯ 25 s centered on the firing of a reference motor unit by using 100-ms bins. A sharp peak in the cross-correlogram indicates that the activity of two discriminated motor units is temporally correlated (25) . Because a motor unit action potential represents the activity of a single motor neuron, these recordings allowed us to determine whether pairs of motor neurons showed temporally correlated activity (Fig. 3) .
Cross-correlation analyses indicated that 6 of 12 (50%) motor units from WT mice showed temporally correlated activity with at least one other motor unit, as indicated by a sharp peak in the cross-correlogram (Fig. 3 A and B) . This value is similar to the percentage of correlated units previously observed in P3-P4 CD-1 mice (39%) (17) . In contrast, only 1 of 13 (7.7%) motor units from Cx40 Ϫ/Ϫ mice showed temporally correlated activity. Thus, the incidence of correlated motor units was reduced in Cx40 Ϫ/Ϫ mice compared with WT littermates (P Ͻ 0.06, Fisher exact test). The average duration of the sharp peak in the cross-correlogram was 1.5 Ϯ 0.2 s (range 0.5-2.1 s), similar to that in CD-1 mice of the same age (17) .
The index kЈ-1, which compares the number of events within the peak of the cross-correlogram relative to the number of background events, was used to assess whether a difference in the strength of temporal correlation was present between genotypes (26) . When the index kЈ-1 was Ͼ0.3 (30% more events are present within the peak than expected by chance; Fig. 4A , dashed line), a sharp peak is present in the cross-correlogram. As reported previously, the range of index kЈ-1 values was broad with some motor unit pairs from WT animals demonstrating strong correlation and others with no correlation (17) . Six of 12 and 1 of 13 motor unit pairs from WT and Cx40
Ϫ/Ϫ mice, respectively, had index kЈ-1 values Ͼ0.3. The average index kЈ-1 was 2.09 Ϯ 1.09 and 0.02 Ϯ 0.07 for WT and Cx40 Ϫ/Ϫ animals, respectively (Fig. 4A) . Thus, the strength of correlation was significantly reduced in Cx40 Ϫ/Ϫ animals (MannWhitney rank sum test, P ϭ 0.003).
To determine whether correlations also occurred at shorter time scales, we calculated a correlation index for each motor unit pair at time windows of 10, 20, 50, and 100 ms. The correlation index is a ratio of the number of events from one unit that occurred within 10, 20, 50, or 100 ms of events from a second unit, divided by the number of events that would be expected if the two units were firing randomly to one another (5, 27) . A correlation index of 1 indicates that the activity of the motor units in a pair is independent, whereas a value Ͼ1 indicates that the motor units in a pair are more likely to fire together within a time window than expected by chance. For 100-ms time windows (the same window used to construct our cross-correlograms), 11 of 12 motor unit pairs from WT mice had correlation indexes Ͼ1, but only 7 of 13 motor unit pairs from Cx40 Ϫ/Ϫ mice had correlation indexes Ͼ1. In WT mice, the average correlation index was 27.0 Ϯ 12.8, 20.4 Ϯ 9.1, 14.5 Ϯ 6.8, and 9.5 Ϯ 4.5 at time windows of 10, 20, 50, and 100 ms, respectively. Correlation index values were significantly reduced in Cx40 Fig. 4B ; Kruskal-Wallis one-way analysis of variance on ranks, P Ͻ 0.001). Because the low firing frequency results in a small number of chance spike counts at short time frames, the denominator of the corre- lation index can be Ͻone. This can result in a large CI even if a few spikes occur, as may be the case at the 10-ms time window.
Finally, motor unit firing frequency was determined to assay whether activity levels were different across genotypes. The firing frequency of motor units from WT mice (4.7 Ϯ 2.8 Hz) were not significantly different from those from Cx40 Ϫ/Ϫ mice (1.6 Ϯ 0.8 Hz; Mann-Whitney rank sum test, P ϭ 0.163; Fig. 4C ). Together, these results indicate that Cx40 Ϫ/Ϫ mice exhibit significantly less temporally correlated activity, particularly at short time intervals of 20 ms, than WT littermates during the first postnatal week.
Precocious Time Course of Neuromuscular Synapse Elimination in
Cx40 ؊/؊ Mice. To begin to examine the causal relationship among the loss of Cx40 and the decrease in gap junctional coupling, temporally correlated motor-unit activity, and synapse elimination, neuromuscular innervation was examined in several muscles from Cx40 Ϫ/Ϫ mice and WT littermates by using immunostaining and electrophysiology. Cx40 Ϫ/Ϫ mice have been reported to have a defect in heart development (20, 21) , but no other developmental abnormality has been documented. Eye opening, fur growth, weaning, and lifespan were observed to occur at the same time in Cx40 Ϫ/Ϫ mice as in WT littermates.
The number of axons innervating junctions and, thus, the proportion of multiply and singly innervated junctions was determined in the slow-twitch soleus and fast-twitch extensor digitorum longus (EDL) of the hindlimb, as well as in one muscle in the neck, the fast-twitch sternomastoid. In each of these muscles, regardless of genotype, a distinct endplate band was present, there was only one neuromuscular synapse per muscle fiber, presynaptic nerve terminals and postsynaptic acetylcholine receptor clusters were well aligned, the size of clusters was similar, and, by P21, each muscle fiber was innervated by a single motor axon. However, significantly fewer multiply innervated and significantly more singly innervated neuromuscular synapses were present in muscles from Cx40 Ϫ/Ϫ mice compared with WT littermates (Fig. 5) . For example, in the soleus muscle from P4 mice, 79 Ϯ 8% of neuromuscular synapses from Cx40 Ϫ/Ϫ mice were multiply innervated, compared with 97 Ϯ 1% in WT littermates (Student's two-tailed t test, P Ͻ 0.05; Fig. 5) . Similarly, at P7, 35 Ϯ 13% of synapses from Cx40 Ϫ/Ϫ mice were multiply innervated, compared with 77 Ϯ 3% in WT littermates (Student's two-tailed t test, P Ͻ 0.01). The time course of synapse elimination was significantly different in the soleus, EDL, and sternomastoid muscles from Cx40 Ϫ/Ϫ compared with WT littermates ( Fig. 5B ; Komolgorov-Smirnoff test, P Ͻ 0.005).
The proportion of multiply and singly innervated neuromuscular junctions was determined by using intracellular recording from muscle fibers in an in vitro soleus nerve-muscle preparation in which the soleus nerve was split into two bundles and each placed into a different suction electrode (28) . For each impaled muscle fiber, the nerve bundle in each suction electrode was stimulated at the lowest threshold for recording the end plate potential (epp). Stimulation was then increased to determine whether additional steps in the epp amplitude were observed. Each distinct step in the epp amplitude was counted as one input. Junctions with more than one epp were scored as multiply innervated, and those with only one epp detected after stimulation of either axon bundle were scored as singly innervated.
Muscle fiber resting potential, epp amplitude and rise time were similar in muscle fibers from Cx40 Ϫ/Ϫ mice and WT littermates, suggesting that synaptic transmission was unimpaired in null mice (Fig. 6A) . However, at P7, the percentage of multiply innervated neuromuscular synapses was significantly lower in soleus muscle fibers from Cx40 Ϫ/Ϫ mice (26 Ϯ 9%; n ϭ 140 fibers from seven mice) compared with WT littermates (74 Ϯ 11%; n ϭ 100 fibers from fuve mice; Student's two-tailed t test, P Ͻ 0.001; Fig. 6B ). Counts of motor neuron number after retrograde labeling and of muscle fiber number in hematoxylin and eosin-stained crosssections showed that these were indistinguishable among genotypes (SI Table 1 and SI Methods and Results) and show that the greater extent of single innervation observed in Cx40 Ϫ/Ϫ mice was not a consequence of an increase in the population of pre-or postsynaptic cells. Thus, these results show that the extent of multiple innervation was reduced in neuromuscular junctions from Cx40 Ϫ/Ϫ compared with WT mice.
Discussion
The work reported here provides the strongest evidence to date in support of the hypothesis that a reduction in temporally correlated motor-neuron activity modulates synaptic competition, leading to elimination of the least active inputs. Motor neuron gap junctional coupling, mediated in part by means of Cx40, modulates the extent of temporally correlated activity among motor neurons. As tem- poral correlations in motor neuron activity are reduced during normal development, or are reduced prematurely in Cx40 Ϫ/Ϫ mice, competition occurs among inputs with different levels of activity that culminates in synapse elimination and the establishment of the adult pattern of single innervation.
These observations are consistent with other experimental manipulations that show that differential activity impinging on a target cell drives competitive interactions that result in synapse elimination (13, 16) . Although persistent correlated activity delays the onset of single innervation (14) , the reduction in temporally correlated motor neuron activity is associated with, and results in, a reduction in the multiple innervation of skeletal muscle fibers. Correlated patterns of activity modulate the time course of developmental synaptic competition at neuromuscular synapses.
Although clearly, Cx40 deletion reduces, but does not result in a complete absence of, electrical coupling after birth, the other four Cxs (Cx36, Cx37, Cx43, and Cx45) expressed by motor neurons may account for the residual electrical coupling (19) . Consistent with the persistent expression of some Cxs and the residual electrical coupling present in Cx40 Ϫ/Ϫ mice, temporally correlated motor neuron firing was reduced, but was not completely abolished, in Cx40 Ϫ/Ϫ mice compared with WT littermates. The reduction in electrical coupling and temporally correlated motor neuron activity in Cx40 Ϫ/Ϫ mice might have been expected to abolish all multiple innervation perinatally, but some muscle fibers remain multiply innervated perinatally in Cx40 Ϫ/Ϫ mice. There are at least two possible explanations for this. First, the remaining temporally correlated motor neuron activity may be sufficient to support the establishment and transient maintenance of some multiple innervation. Second, activity-independent mechanisms, such as those that guide axons to target muscle fibers, and muscle fiber-derived signals that stimulate synaptogenesis, may affect the initial establishment of multiple innervation and explain why multiple innervation is reduced but present perinatally. Thus, although motor neuron activity patterns impact synapse elimination, it is likely that mechanisms in addition to the loss of Cx expression, electrical coupling, and temporal correlations modulate this process during normal development.
Temporal Window of Correlated Activity During Postnatal Development. The relevant temporal window or time scale of correlated activity that is important for synaptic plasticity during development is not known. In several different circuits, the window for time differences between pre-and postsynaptic activity that can modulate synaptic strength is Ϸ20 ms (1, 5, 27, 29, 30) . In the present work, membrane depolarization due to an SLD peaked within 2-3 ms and decayed to baseline by 75 ms after the ventral root stimulus. If SLDs were the only mechanism responsible for the correlated firing of motor neurons, a peak in the cross-correlogram would occur within a few milliseconds of the firing of one of the coupled cells and persist no longer than 75 ms. We found that the correlation indices at 10-50 ms were significantly higher in WT mice compared with Cx40 Ϫ/Ϫ littermates. This suggests that the reduced motor unit correlated activity observed in Cx40 Ϫ/Ϫ mice between 10 and 50 ms may be directly linked to the reduced gap junctional coupling between motor neurons in the absence of Cx40 expression.
Our finding of relatively short-term correlations (10-50 ms) is similar to that found by Buffelli et al. (18) , who reported correlations within short windows of Ϸ25 ms, with 5 ms being the most frequent cross-correlogram peak width. That we did not detect correlations at 5 ms may be explained by methodological differences. If waveforms associated with the activity of two motor units are recorded in a single channel, and these two motor units fire closely together, their waveforms frequently overlap, resulting in a new merged waveform. In both studies, when both identified motor units were active within a 3-to 5-ms window, a new superimposed waveform occurred. In the short recording sessions (2-5 min) of Buffelli et al. (18) , waveforms associated with a pair of motor units were identified and followed by eye. This subjective procedure allowed them to identify individual motor units when both units were superimposed within a 5-ms window, although these tight correlations are based on an average of only seven incidences of motor neuron coactivity. In the present work, software was used to discriminate individual motor units across longer recording sessions (0.5-1 h), based on the unique shape of their compound action potential; the accuracy of motor unit discrimination was verified by cluster plot analysis (17) . This method prevented motor-unit discrimination when waveforms were superimposed. Thus, we may have missed tight correlations present at 5-ms time windows, although, by using the correlation index, we found the strongest correlation at 10 ms.
The cross-correlation analysis revealed a second time scale of correlated motoneuron activity with broad peaks in the correlogram centered at 0 time and averaging 1.5 s. Such correlations suggest the presence of common synaptic inputs onto the two correlated motor neurons. Tresch and Kiehn (31) showed that motor neuron pairs recorded extracellularly in the isolated neonatal rat cord exhibited correlated activity during drug-induced locomotor-like activity and that these correlations persisted in the presence of carbenoxolone to block gap junctions. Common synaptic inputs could be derived from spinal interneurons or from synaptically connected motor neurons (32) (33) (34) (35) . The absence of broad correlations in the majority of the Cx40 Ϫ/Ϫ mice suggests that the common synaptic input to motor neurons have been reduced. The reduction of electrical coupling in Cx40 Ϫ/Ϫ mice observed here is one mechanism that is likely to contribute to this reduction. In addition, it seems likely that electrical coupling between interneurons may also be reduced in Cx40 Ϫ/Ϫ mice, because Cx40 is also expressed in interneurons (see Fig. 1 ). A population of locomotor-related spinal interneurons has been shown to be electrically interconnected in neonatal as well as in young adult mice (36) , and this may also modulate correlated motor neuron firing during development.
Together, these results suggest that motor unit correlation during postnatal development is modulated by both gap junctional coupling between neurons and by local synaptic inputs to motor neurons, resulting in both short (10-50 ms) and broad (1-2 s) correlated activity. Short-term correlations between motor neurons (lasting Ͻ25 ms) clearly occur in adult mammals during multiple tasks (37) (38) (39) . We have not observed that these short-term correlations are present during standing and spontaneous movements in neonatal mice. There are two possible reasons for this. First, the immature lumbar motor circuitry may produce only relatively broad correlations during the time period of synapse elimination (17, 31, 36, 40) . Alternatively, short-term correlations are present, but are not prevalent during spontaneous motor behaviors performed by 1-week-old mice. In support of the first possibility, we have recently shown that when motor neuron gap junctional coupling is maintained during postnatal development by MK-801 injection, very strong short-term correlations (Ͻ50 ms) are observed by crosscorrelogram analyses in P14-P15 mice. However, in P7-P8 mice, broad correlations similar to those shown here are found (K.E.P., unpublished observations). Taken together, these results suggest that motor neuron and interneuron electrical coupling, as well as common synaptic inputs, result in broad temporal correlations during early postnatal development and that short-term correlations are seen as spinal synaptic connections mature.
Our work suggests that the mechanisms that shape motor neuron firing patterns, including but not limited to gap junctional coupling, may ultimately determine the onset and the outcome of synaptic competition. Despite a number of experimental insights suggesting that activity is an important determinant of the outcome of competition in a number of developing neural circuits, how relative firing patterns of motor and other neurons affect competitive interactions among inputs, and how these, in turn, affect synaptic size and synaptic strength, has not been well explored. Thus much work remains to be done to elucidate the cascade of molecular events linking motor neuron activity to changes in synaptic strength and structure at neuromuscular and other synapses. Methods that combine in vivo imaging and functional analyses in mice, for example, by using genetically encoded fluorescent indicators of vesicle recycling to study relative synaptic size and strength, will be useful to address these issues.
Methods
Animals and Genotyping. Breeding pairs of Cx40Ϯ mice were obtained from D. Paul (Harvard Medical School, Boston, MA) (21) and were genotyped by using standard methods (see SI Methods for details).
In Situ Hybridization. Spinal cords were dissected from P0, P7, and P14 mice and were processed for in situ hybridization as described (19) ; see SI Methods. The Cx40 probe consisted of a 308-nt fragment from the rat coding sequence (nt 719-1026) (41) . Northern blot analyses showed that this probe recognized a band of the expected size in RNA isolated from WT mice and that this band was absent in Cx40 Ϫ/Ϫ mice (19) .
Whole-Cell Recordings from Lumbar Spinal Motor Neurons. P2-P5 WT and Cx40 Ϫ/Ϫ mice were decapitated, the spinal cords isolated under cold (Ϸ12°C) aCSF; see SI Methods and placed in a recording chamber perfused continuously at 13 ml/min with oxygenated (95%O 2 /5%CO 2 ) aCSF or a Ca 2ϩ -free aCSF to block chemical synaptic transmission. Lumbar ventral roots 3-6 and dorsal roots 4-5 were placed into suction electrodes for either stimulation or recording. Whole-cell recordings were obtained with patch electrodes (1-2 m tip diameter; Ϸ 4-6 M⍀ resistance) lowered into the ventral spinal cord (22, 23) ; see SI Methods. Motor neurons that could be stably recorded from for Ͼ1 h and that had a resting membrane potential more negative than Ϫ45 mV were analyzed further (n ϭ 17 mice; 19 of 20 motor neurons met these criteria: 10 WT and 9 Cx40 Ϫ/Ϫ ).
EMG Recordings and Analyses of Single Motor-Unit Activity. P3-P5 mice were anesthetized with cold and placed in standing position in a custom dental wax restraint, and single unit EMG records were obtained and analyzed as described (17); see SI Methods. EMG recordings and motor unit discriminations were performed blind to genotype.
Structural Analyses of Neuromuscular Innervation. Whole mounts of P0-P14 mouse sternomastoid, soleus, and EDL muscles were immunostained for motor axons, nerve terminals, and AChRs and analyzed blind to genotype as described (42); see SI Methods.
Electrophysiological Analyses of Neuromuscular Innervation. Intracellular recording from soleus skeletal muscle fibers was performed by using glass microelectrodes filled with 3 M KCl (50-70 MÙ resistance) as described (28, 43) ; see SI Methods.
